Polymer-surfactant mixed systems have attracted much attention due to their importance from the academic as well as applied point of view. Therefore, to evaluate the thermodynamic properties of polymer-surfactant self-assembled system, the critical micelle concentration (CMC) of CTAB and CTAB/PEO mixture was determined at different CTAB/PEO ratios and various molecular masses of PEO by employing surface tensiometric, conductometric, and light scattering techniques. The CMC of CTAB was increased as the concentration and molecular mass of the polymer increased. Using surface tensiometry, the thermodynamics of adsorption, surface excess concentration and the minimum area occupied by surfactant molecules for different surfactant-polymer mixtures were also evaluated. CMC, area per molecule, free energy of micellization and degree of counter ion binding were also determined. It was found that most of these parameters increased as the concentration of polymer increased, whereas the surface excess concentration was found to decrease by increasing the polymer ration in the mixed system. The hydrodynamic radius (R h ) of the micelle particles calculated from dynamic light scattering technique showed a similar trend. Most of the results from different techniques support each others.
INTRODUCTION
The interactions between the low molar mass surfactants and high molar mass polymers have gotten keen interest of the scientist from both academic and industrial point of view in the recent decades. [1] [2] [3] [4] [5] Surfactant and polymer mixtures are used together in many industrial processes and formulations to improve their properties and it has significantly inspired the concern of scientists in polymer/surfactant systems. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] However, the interactions of neutral polymers with surfactants are not well understood and needs more investigation. Moreover, different researcher have worked on polymer/ surfactant mixtures and mainly concentrated on their bulk solution properties, about which a significant information and understanding is available whereas, the interfacial properties of such mixtures are noticeably less available. [18] [19] In neutral polymer/surfactant mixture, hydrophobic interactions between the polymers and the surfactant chains are always present and can in some systems be the predominant interactive forces and the electrostatic interactions are much weaker. It is practical that the surfactants self-associate cooperatively and form aggregates, at a critical aggregation concentration (CAC). The CAC is generally lesser than the critical micellization concentration (CMC) of the surfactant by a factor of 1-10 in contrast to polyelectrolyte/ oppositely charged surfactant systems, which is about 100-1000. [19] [20] [21] The potency of the polymers and surfactants interaction can be characterized by the CAC/CMC ratio, while the quantity gives a semi quantitative idea of the interaction. 22 Surface tension has been considered to be a well established technique for weakly interacting systems and the key tool for the study of the air/solution interface and the patterns of behaviour, but no mechanism has been proposed to get quantitative information about these interactions, partly because the Gibb's equation cannot be used to determine the surface composition. Studies to be had so far concern water-soluble homo-polymers, poly (ethylene oxide) (PEO), or poly-(vinyl pyrrolidone) PVP, and surfactants such as SDS, CTAB. However, not much is known about the interactions among the homo-polymers and anionic or cationic surfactants. As it is declared before that polymer and surfactant interactions are controlled by a balance between hydrophobic and electrostatic interactions and are modulated by temperature and other parameters, which have an effect on the surface properties of either of the component of the system. The role of the above parameters in the stabilization of polymer-surfactant systems is not easy to quantify and very few information are available. 23 Therefore, in order to address the lack of sufficient information and explore further the fundamental of such micro-polymer-surfactant mixed system; herein we report the detailed physicochemical investigation related to micellization, adsorption at air/water interface and thermodynamic behavior of CTAB in the presence of PEO having different molecular weight using different experimental techniques.
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EXPERIMENTAL

Material
The surfactant N-cetyle N,N,N trimethyle ammonium bromide, CTAB, and PEO having molecular mass 6,000, 12,000 and 35,000 kg/mol (denoted as 6K, 12K, and 35K) were used for the present investigation. CTAB was obtained from Fluka (Buchs, Germany) whereas PEO samples were donated by Department of Physical Chemistry, University of Bayreuth, Germany which was originally obtained from Shell (Munich, Germany). All substances were of analytical-reagent quality and used without further purification. The deionized water having conductance in the range of 1.2 to 2.5 µS/cm was used as a solvent.
Methods Surface Tension
The surface tension of all samples was measured using TE3 LAUDA tensiometer, supplied by LAUDA, Germany. All measurements were made sufficiently slowly so as to ensure equilibrium conditions. The measurements were made for different concentrations and at constant (25 o C) temperature. The tensiometer was first calibrated with a known weight provided by the supplier, and further tested for the surface tension of pure deionized water. The temperature was maintained using Ecoline Circulation Thermostat Model E 015T, Germany, which retained the temperature to ± 0.01 o C. Conductance The conductance of the solution of surfactant, polymer and their mixtures was determined in de-ionized water using InoLab Cond-720 conductivity meter (Buchs, Germany). The conductivity cell and the vessel used for the measurement were properly cleaned and the meter was standardized before use.
Laser Light Scattering Measurement
The micellization behavior of CTAB and CTAB/PEO in water was investigated by static and dynamic laser light scattering techniques. The measurements were made at different concentrations and molecular mass of polymer while temperature was kept constant. Before LLS measurements, all samples were filtered using a filter of 0.02µm and 0.25µm pore size for the solvent and solution, respectively. Instrument used for the purpose was DAWN EOS/ QELS supplied by Wyatt, USA, with helium-neon laser of 632.8 nm wavelength as light source. A cylindrical glass-made sample cell (SV) of 2 cm diameter was used for solutions under light scattering invistigation.
RESULTS AND DISCUSSION
Surface Tension Measurement
The results obtained from the surface tension measurements of the aqueous solutions of CTAB with and without the addition of PEO, having different molecular mass, are plotted as a function of its concentration in Figures 1-3 . The plot of surface tension can be divided into three distinct parts. In the first part of the plot, the surface tension decreases slowly till it reaches a critical point; which is called the critical association concentration of the surfactant (CAC) in this report. Beyond CAC, with further increase in CTAB concentration, the surface tension decreases sharply and finally reaches to a minimum value of surface tension which shows that CTAB gets adsorbed at the air-water interface and then the surface tension versus CTBA concentration profile becomes almost level off. This point is called critical micelle concentration (CMC). Further increase in CTAB concentration does not significantly modify the surface tension; however, it can alter the size and shape of micelles. 17, [24] [25] [26] Such behaviour of surfactant can be explained on the basis of the fact that at low concentration the CTAB molecules are present in the molecular (unimers) level and coexist in equilibrium with monolayer at the air-water interface. As the concentration of solution was increased then the adsorption of surfactant at the interface also increased and thus reduction in the surface tension occurred. This phenomenon has been investigated in detail by Taylor and co-workers. 17 Further addition of surfactant resulted in that more unimers of surfactant get accumulated at the air-water interface and hence the surface tension decreases significantly. 17, 24, 26 While the surface tension of CTAB and CTAB/PEO mixture measured exhibited a similar trend and was found to decrease more as the molecular mass of the polymer added was increased. However, the difference between the surface tension of pure CTAB and that of CTAB/PEO mixture decreases with the increase in CTAB concentration and ultimately the surface tension of the mixture becomes higher than the surfactant alone as depicted in Figures 1-3 . This represents that the interactions between the polymer and surfactant are weaker 15, 17, 20 , but the points where the interactions begin between CTAB/PEO, then the surfactant gets adsorbed over the polymer chains and hence the lowering in the surface tension is reduced or lost. Since the concentration of polymer is increased, more surfactant should be needed to adsorb or get solubilized over the polymer. Further, in order to completely saturate the polymer with surfactant, more amount of the surfactant is also needed when the molecular mass of PEO increased from 6K to 35K. This indicates the interactions among CTAB and PEO chains. Likewise, when the polymer becomes fully saturated with surfactant, then further addition of surfactant again reduces the surface tension of polymer-surfactant mixture solution. Thus, more amount of surfactant can be accommodated by the polymer having higher molar mass and longer chain as compared to the one having low molar mass and shorter chain length. The CMC calculated from the plots of surface tension versus surfactant concentration profiles (Figures 1-3) is displayed in Figure 4 . It is illustrated that the CMC was increased with the increase in polymer concentration. This trend is according to the expectations as the surfactant gets solubilized/ adsorbed over the polymer and hence more surfactant was needed to reach CMC values. It was also noted that CMC of CTAB was increased with the increase in molecular mass of the polymer (Figure 4) . Gharibi et al, 31 Takisawa et al. 32 and Gharibi 33 investigated three different (SDS-PVP, SHS-PVP, and STS-PVP) systems and observed a similar trend as obtained in the present work. It is because higher is the molar mass of the polymer longer is the chain length and hence more unimers of the surfactant can be accommodated on the polymer chain compared to the polymer having low molar mass. Thus, more unimers get adsorbed at the surface of the polymer chain and consequently the less number of surfactant chains are supposed to be present in the aqueous bulk of the solution. Therefore, more amount of the surfactant is needed to get surfactant-micellized solution. From the surface tension data, the surface excess concentration ( min Γ ) of surfactant in the presence of polymer PEO at CMC, the minimum area per molecule of surfactant ( min A ) and free energy of micellization were obtained using the following relation.
27-28
Conductance
The conductance of CTAB and PEO/CTAB mixtures was measured for different concentration of surfactants and in the presence of polymers having different molar masses (6K, 12K and 35K). Some of the representative results are depicted in Figures 6-8 . The conductance of the system was first increased sharply with the increase in surfactant concentration up to the expected CMC value. However, further increase in surfactant concentration above its CMC, the rate of increase of conductance with surfactant concentration is less prominent. Such dependence of conductance over the concentration provided an opportunity to calculate CMC from these plots (Figures 6-8 ). This trend was found in a good agreement with the one observed by other workers. 20, 26, 30 Hence this method was concluded to be more practicable, and in this way one can get accurate results and valuable information about the required parameters. The results obtained for CMC values were listed in Tables 1-3 and were consistent with the one obtained through surface tension and light scattering techniques.
(1)
Where N A was Avogadro's number, R was gas constant, T = 303K and n was the sum of charge number of all ions resulted from the ionization of the surfactant molecule (n= 1 for non-ionic surfactants and n= 2 or 3 for mono or divalent counter ion, respectively. Similarly X cmc is the CMC of surfactant in terms of its mole fraction in aqueous solution. Equation-1 was applied to the pre-micellar region. 27 The value of min Γ and A min are listed in Tables 1-3 and plotted in Figure 5 . The results concluded that the longer hydrophobic tail of C 19 TAB is more closely packed at the air-water interface. On the other hand when polymer (PEO) was added, the C 19 TAB packing became loose, which suggested that PEO interacted strongly with CTAB at surface so that more polymer was adsorbed at the air water interface occupying more surface area, which was according to expectations. The degree of counter-ion dissociation (α), a ratio of micelles charge to aggregation number, was obtained from the following relation.
(4)
Where β is degree of ionization while S 1 = slope of conductivity versus concentration for the pre-micellar region and S 2 = slope of conductivity versus concentration for the post-micellar region in the conductivity versus concentration plots.
The degree of counter ion binding for CTAB was obtained to be 0.221, which was consistent with the values (0.23 -0.3) reported in the literature. 29, 34 Values of these parameters were also obtained in the presence of PEO and are listed in Tables 1-3 . The addition of PEO did not alter the values as expected when PEO 35K was added which increased the values of degree of counter ion binding and rate of binding was lowered up to some extent. Free energy of micellization of CTAB in the presence of various amount of polymer were plotted in Figure 9 and tabulated in Table 1 -3, which showed that the system became non-spontaneous as the concentration of polymer was increased and its degree was increased with the increase in molecular mass of polymer used. This was explained on the basis that when homo-polymer PEO having different molecular mass was added to surfactant system, the unimers of surfactant might get attached to the polymer in a string bead manner and therefore it reduced the number of surfactant molecules to form surfactant micelle and hence more surfactant was needed to reach the saturation point. 
Light Scattering Measurement
The values of R H (hydrodynamic radius) determined from dynamic light scattering techniques for pure CTAB and PEO-CTAB mixture having different molecular mass of PEO are plotted in Figures 10-11 . The values obtained indicate that it increases steadily till the critical micelle concentration of surfactant and above the CMC the R H values increase sharply; this behaviour shows the formation of micelle. In case of CTAB-PEO mixed system, the R H values are comparatively higher. Similarly, when the concentration and/or the molecular mass of polymer is increasing, the hydrodynamic radius of mixedmicelle is further increased. However, the rate of increase in R H values for CTAB-PEO mixture is lower as compared to that observed in the case of pure CTAB. Figures 10-11 also show that in the presence of PEO and when the surfactant concentration is higher than CMC, the value of R H is less than that of pure CTAB. This surprising behaviour can be explained on the fact that the surfactant gets solubilized /adsorbed over the polymer and hence the micelles size decreases as compared to pure CTAB. 35 Furthermore, the increase in polymer concentration and molecular mass makes the above statement more obvious which confirms the existence of interactions between polymer and surfactant molecules. Figure 10 also shows static light scattered intensity for pure CTAB showing a similar trend to that observed in DLS. This further supports the growth of micelle formation as investigated from other techniques. 
CONCLUSIONS
The micellization behaviour of CTAB and its mixtures with PEO was studied by using different techniques in aqueous media at room temperature. From the experimental results it is concluded that CMC of CTAB was increased as the concentration and molecular mass of the polymer increased. Using surface tensiometry, the thermodynamics of adsorption, surface excess concentration and the minimum area occupied by surfactant unimers was increased as the concentration of polymer increased, whereas surface excess concentration was decreased. From the surface tension results, it can further be said that the packing of C 19 TAB unimers at air/water interface becomes loose in the presence of PEO. This effect is attributed to the interactions of PEO with CTAB at surface so that more polymer molecules are supposed to be adsorbed at the air /water interface; hence occupying more surface area. The hydrodynamic radius of the mixed micelle is also appreciably affected by varying the amount and molar mass of the polymer. From this detailed physicochemical investigation, it can be further concluded that there exist constructive interactions between this cationic surfactant and uncharged PEO. Thus, the type and strength of these interactions not only depend on the polymer/surfactant ratios, but also on the molecular weight of the polymer used.
